Lead (Pb 2þ ) is a heavy metal which is utilized in several industries and can have severe impact on the environment and human health. Research work has been carried out lately on the feasibility of using various low cost materials in the removal of heavy metals from wastewater. In this study, the feasibility of utilizing raw rice straw for removal of Pb 2þ from water through biosorption was investigated using batch equilibrium experiments. The effect of several operating parameters on the removal of Pb 2þ using rice straw was studied, revealing the optimum parameters at an initial Pb 2þ concentration of 40 mg/l were: 30 min contact time at a pH of 5.5, particle size 75-150 μm and a dose of 4 g/l. A maximum removal of 94% was achieved under optimum conditions. Langmuir and Freundlich isotherm models were used for the evaluation of the equilibrium experimental data. The maximum adsorption capacity of rice straw calculated using the Langmuir isotherm was 42.55 mg/g.
INTRODUCTION
Several industries utilize heavy metals in their industrial processes. Some of those heavy metals eventually are added into the environment by these industries through their wastewater discharges. Water contamination by heavy metals is a major environmental problem due to their acute toxicity and their accumulation in food chains (Sarma et al. ) . Lead (Pb 2þ ) is one of the most toxic heavy metals that threaten human health and the environment (Kardam et al. ) . It is extremely harmful to the nervous system and the immune system. Industrial applications that utilize Pb 2þ in their processes include battery manufacturing, electroplating, petrochemical processes, printing pigments and fuels (Jeyakumar & Chandrasekaran ; Sarma et al. ) .
Current treatment methods that can be utilized for the removal of heavy metals from wastewater include chemical precipitation, chemical oxidation, electrochemical treatment, ion exchange, membrane technologies, filtration, reverse osmosis, and coagulation (Abo-El-Enein et al. ; Won et al. ) . Most of those methods have drawbacks, including inefficient metal removal, especially in treatment of trace concentrations of heavy metals in the range of 1-100 mg/l, lack of economic feasibility, high energy consumption and production of a secondary waste product; toxic sludge that would require further special handling (Ali et al. ; Ding et al. ; Soetaredjo et al. ; Won et al. ) . As for adsorption using activated carbon, it is very expensive in large scale applications (Wang & Chen ) .
Adsorption using natural biological materials, such as plants and microbes, is termed biosorption (Sarma et al. ) . Biosorption is a very promising technology thanks to its capability of reducing the concentration of heavy metals in wastewater to minimal values (Wang & Chen ; Won et al. ) ; besides, biosorbents are inexpensive waste products, which may be readily available. Researchers have studied removal of heavy metals using various agricultural residues, including rice straw (Ding et al. ) , rice husk (Wong et al. a; Sarma et al. ) , sugarcane bagasse (Gurgel et al. ; Homagai et al. ) , corn stalk (Chen et al. ) , orange peels (Chatterjee & Schiewer ) , and soybean straw (Zhu et al. ) . The amount of rice straw in Egypt is about 5 million tons/year; around 3.1 million tons/year are unutilized and ultimately burnt in the open field (Abdelhady et al. ) . This practice causes a seasonal air pollution problem in Egypt from the black cloud that is formed.
The aim of the present study is to examine the potential of using raw rice straw as a biosorbent of Pb 2þ in aqueous solutions. The study also aims at investigating the effect of various operating parameters, such as the pH, contact time, biosorbent dose, biosorbent particle size, and initial Pb 2þ concentration, on the overall removal of Pb 2þ .
MATERIALS AND METHODS

Biosorbent preparation
Rice straw was collected from an agricultural field in Egypt. It was cut into small pieces. Subsequently it was ground using a crushing machine and sieved using a mechanical sieve setup, the fractions retained on the 30/50 sieve (300-600 μm), 100/200 sieve (75-150 μm), and <200 sieve (<75 μm) were selected. Each of the three sizes was washed on a sieve size smaller than the particle size using distilled water around 3-4 times, except for the <200 sieve fraction, which was washed on a piece of cloth and squeezed. The rice straw was kept in the oven at 80 W C for 24 h to dry (Soetaredjo et al. ) . After drying, the three sizes were re-sieved to retain the same particle sizes mentioned above, then dried in the oven for 1 h at 80 W C to ensure they were free of moisture, and finally placed in desiccators.
Solution preparation
Pb 2þ solution was prepared from a lead stock solution of concentration 1,000 mg/l, manufactured by MERCK, and diluted in deionized distilled water to the required concentration. Ionic background of 0.01 M NaNO 3 (0.85 g/l) was added to the synthetic solution in order to simulate the conditions of real wastewater as much as possible (EL Zayat ). The ionic background was prepared using NaNO 3 salt (assay 99%), manufactured by Gainland Chemical Co. (GCC), UK. The pH of the samples was adjusted using 0.1 M NaOH or 0.1 M HNO 3 .
Experimental design
Batch equilibrium experiments were carried out to assess the impact of the main operating parameters on the sorption system. Synthetic solution (50 ml) of Pb 2þ was poured into 125 ml high density polyethylene bottles, manufactured by Nalgene, USA. The pH of the samples was adjusted using 0.1 M NaOH or 0.1 M HNO 3 to the specified pH value as needed. The desired dose of raw rice straw was weighed and added to the solution, except for the control samples.
The samples were mixed on the orbital shaker at 150 rpm up to the desired contact time. The test was done at a room temperature of 25 W C, and the final pH was measured and recorded. Each sample was subsequently filtered using cellulose acetate filter paper of 0.45 μm pore size, as per Standard Methods (Eaton et al. ) , to separate the rice straw from the treated solution. The filter cups were manufactured by Nalgene, USA. Finally the samples were acidified using nitric acid to a pH <2 (Eaton et al. ) and the equilibrium concentration of Pb 2þ (C e ) was analyzed using an atomic absorption spectrometer (AAS), flame type, Sensa AA dual flame atomization system model, manufactured by GBC Scientific Equipment, USA.
The tests were triplicated for confirmation of the results, and average values were used. At the beginning of each run, the operating conditions of the AAS were adjusted, and the device was calibrated using a calibration blank and calibration Pb 2þ standards, prepared using the same lead stock solution used for the synthetic solution. The minimum regression coefficient of the AAS calibration curve was 0.99. Calibration standards were checked after every 10 samples to monitor the device response.
Effect of pH on the removal of Pb 2þ
Samples of rice straw, 0.1 g each, with particle size 75-150 μm, were added to the Pb 2þ solution and shaken for 4 h. The pH of the samples was initially adjusted using NaOH or HNO 3 to the specified pH value. The studied pH values were in the range of 2.1-7.1.
Effect of contact time
Rice straw samples of particle size 75-150 μm, 0.1 g each, were added to 50 ml of Pb 2þ solution (pH 5.5). The time intervals studied were in the range of 1-240 min. The optimum contact time was assessed for the largest particle size (300-600 μm) as well, because it was anticipated that larger particle sizes would require a longer time to reach equilibrium between the dissolved Pb 2þ ions and the rice straw, as the surface area has a great impact on the removal of metal ions (Wong et al. a) .
Effect of rice straw dose and particle size
Batch equilibrium experiments were carried out for three particle sizes: 300-600 μm, 75-150 μm, and <75 μm over a range of doses starting from 0.1 g/l up to 6 g/l at a pH of 5.5 and a contact time of 30 min. The removal efficiency of rice straw with 300-600 μm particle size was additionally tested at a contact time of 60 min.
Effect of initial Pb 2þ concentration
The impact of the initial Pb 2þ concentration on the biosorption of Pb 2þ by rice straw has been studied for two particle sizes: <75 μm and 75-150 μm at the optimum doses of each, as deduced from the preceding experiments with 2 g/l and 4 g/l, respectively. A total of 15 samples were shaken for 30 min at a pH of 5.5.
Characterization of biosorbent
The surface area, pore volume and average pore size of rice straw samples of particle sizes in the range of 75-150 μm were measured using a Micromeritics-ASAP 2020 apparatus at 77 K, using nitrogen as the adsorbent. The specific surface area of rice straw was calculated using the Brunauer-Emmett-Teller (BET) method. Fourier transform infrared spectroscopy (FTIR) analysis was performed using a Thermo Scientific-NICOLET 380 FTIR spectrometer, manufactured in the USA. The method of analysis adopted by the device was the KBr pellet method. The FTIR analysis was carried out for rice straw samples pre and post biosorption of Pb 2þ in order to determine the main functional groups responsible for the biosorption of Pb 2þ .
A field emission scanning electron microscope (SEM), LEO SUPRA 55, manufactured by ZEISS, Germany, was utilized to analyze the surface characteristics of fresh rice straw samples and metal loaded rice straw samples. Samples were scanned at magnifications starting from 150× up to 5,000×. The chemical composition of rice straw samples before and after sorption of Pb 2þ was analyzed using energy dispersive X-ray (EDX), a complementary technology to the SEM, attempting to define whether ion exchange is one of the pre-dominant mechanisms of the removal of Pb 2þ .
Data analysis
Data processing
The percent removal of Pb 2þ ions was calculated using the following equation:
where C 0 is the initial Pb 2þ ion concentration in the liquid phase (mg/l) and C e is the Pb 2þ ion concentration at equilibrium in the liquid phase (mg/l). The adsorption capacity, or the amount of Pb 2þ ions adsorbed on the surface of rice straw, was calculated as follows:
where q e is the mass of metal ions adsorbed per unit mass of the sorbent (mg/g), V is the volume of the Pb 2þ solution (50 ml), m is the mass of the biosorbent (g), C 0 is the initial Pb 2þ ion concentration in the liquid phase (mg/l) and C e is the Pb 2þ ion concentration at equilibrium in the liquid phase (mg/l).
Isotherm sorption model simulation
Isotherm models predict the maximum adsorption capacity of a sorption system, which helps in the assessment of the feasibility of the treatment process for a specific application, the required dose of biosorbent and the selection of the most suitable sorbent for the given case ( 
And the linear form of the model is as follows (Wong et al. a):
where q e (mg/g) is the amount of adsorbate per unit mass of adsorbent at equilibrium (adsorption capacity), C e (mg/l) is the equilibrium adsorbate concentration in the liquid phase, q m (mg/g) is the maximum adsorption capacity (monolayer capacity), and b (l/mg) is the Langmuir constant related to the bonding energy of adsorption. The Freundlich isotherm is an empirical model derived in 1912 (Metcalf & Eddy ) . The isotherm of adsorption from aqueous solution is better described by the Freundlich isotherm model, which assumes a heterogeneous surface energy of adsorption (Grassi et al. ) ; in other words, sorption sites of varied strength, multi-layer adsorption (Sarma et al. ) . The non-linear form of the model is the following (Grassi et al. ) :
The linear form of the model is the following (Kumar & Bandyopadhyay ; EL Zayat ):
where q e (mg/g) is the amount of adsorbate per unit mass of adsorbent at equilibrium (adsorption capacity), and K F (mg/g) (l/mg) 1/n is the Freundlich capacity factor. K F is an indicator of the adsorption capacity when the metal equilibrium concentration is equal to one (Zhu et al. ). The parameter 1/n is the Freundlich intensity parameter, according to Soetaredjo et al. () , which describes the extent of heterogeneity of the sorption system. C e (mg/l) is the equilibrium adsorbate concentration in the liquid phase.
RESULTS AND DISCUSSION
Effect of pH on the removal of Pb 2þ Figure 1 presents the change in the removal efficiency of Pb 2þ versus the final pH of solutions containing rice straw. It also shows the change in Pb 2þ removal as affected by solution pH in solutions without rice straw (control). The amount of metal removal by rice straw was greatly affected by varying the pH of a solution. At a low pH in the range of 2-3.5, adsorption of Pb 2þ using rice straw was relatively low, in the range of 12-45%. At higher pH (3.5 to 6), the percentage of Pb 2þ removal increased remarkablyto around 90%, as presented in Figure 1 . This relation between the pH and the amount of Pb 2þ uptake by rice straw can be attributed to the fact that at low pH values , the surface functional groups, basically carboxylic acid functional groups of the biosorbent, get protonated by H þ ions, leading to a net positive charge on the surface of the biosorbent, as explained by Equation (7); consequently this creates a repulsive force between Pb 2þ cations and the positively charged surface of the rice straw, hindering the biosorption process. Additionally, the increase in the H þ ions creates a competition between them and the metal ions over the active sorption sites on the surface of the rice straw.
On the other hand, when the pH increases, the surface functional groups are activated (Rao et al. ) . At higher pH values, the carboxylic acid groups are deprotonated and dissociate into carboxylate anions (R-COO À ), which occurs at pH in the range of 3.5-5.5, the range equivalent to the acid dissociation constant (pKa) of the carboxylic acids (Soetaredjo et al. ) . Eventually, the increase in the negative charge on the surface of the rice straw creates an electrostatic force of attraction between the positively charged ions of Pb 2þ and the negatively charged surface of the rice straw, which facilitates the process of biosorption. Moreover, as the pH of the solution increases, the H þ ion concentration decreases, hence decreasing the competition between the H þ ions and the Pb 2þ over the active sites. Similar results have been observed by Soetaredjo et al. () . Also, the pH of a solution has an impact on the solubility of the metal ions; therefore, as the pH increases, the solubility of the metal ions decreases, which facilitates the sorption process. Further increase in the percent removal at pH >6, is basically due to precipitation, because insoluble metal species of Pb 2þ are formed at pH >6, as demonstrated in Figure 1 . In this regard, if the pH of industrial wastewater is less than 6, removal of Pb 2þ using rice straw can be regarded as a more sustainable solution compared to raising the pH to 6 or higher. That is because rice straw is an inexpensive, abundant agricultural waste. On the other hand, elevating the pH to higher levels for precipitating the Pb 2þ and afterwards re-adjusting it to reuse the water in the industrial process would require large amounts of expensive chemicals.
Effect of contact time
The sorption kinetics of Pb 2þ using rice straw were noticeably rapid. During the first few minutes the rate was very fast, as 82% removal was achieved in the first 10 min. Afterwards, the rate of sorption slowed down until the system reached equilibrium, as shown in Figure 2 . This trend could be due to the fact that rapid mass transfer on the outer surface of the adsorbent has taken place first, and subsequently a slower internal diffusion process started to occur. A similar trend was pointed out by Wong et al. (a) . At the beginning of the sorption process, the active sites on the surface of the sorbent were still unoccupied. However, with time, the active sites started to become saturated by the heavy metal ions; therefore, the sorption rate became slower. At 30 min, the sorption system had almost reached equilibrium, yielding 86.15% removal. A very slight increase in the percent removal occurred after 3 h (89.65%). Therefore, the optimum contact time for the removal of Pb 2þ using rice straw with a particle size of 75-150 μm was 30 min. On the other hand, the optimum contact time for rice straw with a particle size of 300-600 μm was 60 min (not shown). Control samples at the specific contact time intervals were also analyzed, and their results are presented in Figure 2 to demonstrate the impact of rice straw on the removal of Pb 2þ .
Effect of rice straw dose and particle size
Particle size: <75 μm Figure 3 presents the change in the percent Pb 2þ removal versus the dose of rice straw for different particle sizes. It shows that for a particle size <75 μm, the percentage of removal increased steeply with increasing dose until it reached 2 g/l. Subsequently, the increase in the percent metal removal was not significant even when the dose was increased to 6 g/l. The particle size <75 μm yielded the highest percent removal, as shown in Figure 3 . As the particle size decreases, the specific surface area of the particles increases, which is the surface area of the adsorbent available for the adsorption of the solute, consequently increasing the overall adsorption capacity of the adsorbent. A dose of 2 g/l is considered the optimum dose for the particle size <75 μm in order to reduce the quantity of rice straw used in the treatment, hence reducing the amount of produced sludge and the cost of transportation and preparation, including the cost of the grinding process.
Particle size: 75-150 μm Doses of rice straw in the range of 0.1 g/l to 1 g/l resulted in a very low efficiency of removal. The percent of Pb 2þ removed increased with the increase in the rice straw dose until it reached around 94% at 4 g/l of rice straw. Then, the removal became almost constant even as the rice straw dose was increased up to 6 g/l (Figure 3 ). This can be attributed to a state of equilibrium between the biosorbent and the heavy metal preventing further biosorption. Since the difference in the percent removal using a dose of 4 g/l compared to the 6 g/l was insignificant, it is preferred to achieve the best results using the least quantity of biosorbent. This would also reduce the quantity of sludge resulting from the treatment process and the quantity of rice straw utilized. In addition, during the test utilizing 6 g/l, a light yellow color was observed in the treated water, probably due to the natural pigments of the extra rice straw that was used. Therefore, the optimum dose for this specific size of rice straw in this study was found to be 4 g/l. Also, it was noticed that the adsorption capacity decreased with the increasing dose of rice straw.
Particle size: 300-600 μm
The particle size 300-600 μm achieved the least percentage of removal and the least adsorption capacity for Pb 2þ compared to the other two sizes, as shown in Figure 3 . Extending the contact time to 60 min instead of 30 min led to a slight improvement in the performance of the rice straw of particle size 300-600 μm. That poor performance mainly stems from the small specific surface area available for the adsorption process. Upon reducing the particle size from 300-600 μm to <75 μm at a contact time of 30 min, the percent removal increased by around 29% at a dose of 2 g/l, and around 13% at a dose of 4 g/l. This explains the impact of the particle size on the percent of metal removal. A similar effect of the particle size was described by Wong et al. (a) in the removal of Pb 2þ by rice husk. A longer contact time (60 min), or a larger dose (6 g/l) was required to achieve a relatively high efficiency of removal using the particle size 300-600 μm. Therefore, a dose of 2 g/l with particle size <75 μm, or 4 g/l with particle size 75-150 μm was more efficient.
These particle sizes of rice straw have higher efficiency of removal and require shorter contact time to reach equilibrium when optimum masses are used. The adsorption capacity and the metal removal efficiency were enhanced with the increase in the surface area because the functional groups responsible for the chelation of heavy metals increased as well.
Effect of initial Pb 2þ concentration
The impact of initial Pb 2þ concentration on the sorption of Pb 2þ by rice straw was studied for two particle sizes: <75 μm and 75-150 μm, at the optimum dose of each. At very low initial concentrations of Pb 2þ , the removal efficiency was relatively low. The initial concentration of heavy metals has an impact on the sorption capacity because it acts as a driving force to overcome the resistance of the metal or the mass transfer from the liquid phase to the solid phase (Ahmaruzzaman ). As the initial Pb 2þ concentrations increased, the percent removal by rice straw, 75-150 μm, increased to 94.12% at an initial Pb 2þ concentration of 40 mg/l, and then decreased to around 87% at an initial Pb 2þ concentration of 60 mg/l and finally reached a constant percent of removal in the tested range of initial Pb 2þ concentrations (Figure 4) . That behavior was attributed to the competition between the increasing metal ions over the available active sites on the surface area of the biosorbent. At high concentrations, the possibility of collisions between the metal ions was high, consequently slowing down the sorption of the metal ions on the binding active sites on the surface of the biosorbent. Upon the increase in the metal ions, while the dose of the biosorbent was kept constant, the available active sites got rapidly saturated. Similar results were observed by Wong et al. (a) and Kardam et al. () . Both particle sizes, each at its optimum dose, have yielded very close percent removals; therefore, it is recommended for practical applications to use the 75-150 μm particle size at an optimum dose of 4 g/l in order to save the cost and time needed for grinding rice straw into very fine particles.
Isotherm models
The batch equilibrium data for rice straw with particle size 75-150 μm at an optimum dose of 4 g/l were fitted and analyzed using the Langmuir and Freundlich isotherms.
Langmuir isotherm model
The Langmuir isotherm model assumes monolayer sorption by physical forces (Sarma et al. ) . The batch equilibrium results have perfectly fitted in the Langmuir model (R 2 of 0.9889), as shown in Figure 5(a) . The linear plot infers the creation of a homogenous monolayer of Pb 2þ ions on the outer surface of the rice straw. From the linear equation of the best fit in Figure 5 (a) that represents the Langmuir isotherm (Equation (4)), it was found that the maximum adsorption capacity (q m ) was 42.55 mg/g and the Langmuir constant (b) was 0.09 mg À1 L. Table 1 summarizes the maximum adsorption capacities achieved in several researches using different biosorbents, in addition to commercial activated carbon as a benchmark for the efficiency of adsorbents. The maximum adsorption capacity achieved by rice straw in this study was considerably higher than the results reported in the literature for activated carbon and for other raw biosorbents.
Freundlich isotherm model
The constants in the Freundlich isotherm (Equations (5) and (6)) can be calculated from the plot of log q e versus log C e . Values of 1/n <1 are an indication of adequate adsorption of heavy metals (Dhir & Kumar ) . The best fit line of the data had a lower correlation (R 2 of 0.9591), as shown in Figure 5(b) , when compared to the Langmuir isotherm (R 2 of 0.9889). Therefore, the batch equilibrium data were better described by the Langmuir isotherm. The parameters of the Freundlich isotherm were found to be 3.683 and 0.699 for K F and 1/n, respectively.
Characterization of the biosorbent
BET surface area and pore volume
The specific surface area of rice straw, with a particle size of 75-150 μm, measured using the BET method was 1.95 m 2 /g, the total pore volume was 0.006 cm 3 /g, and the average pore size was 12.15 nm.
Fourier transform infrared spectroscopy Figure 6 (a) presents the FTIR spectrum of rice straw (particle size: 75-150 μm) before and after biosorption of Pb 2þ . The intense peak of wave number 3,435 cm À1 (Figure 6(a) ) corresponds to either free or hydrogen-bonded O-H groups that could be present in carboxylic acids. The peak at 1,626.5 cm À1 corresponds to the C ¼ O stretch in the carboxylic acids, and bands in the range of 1,383.6 to 1,066.8 cm À1 may correspond to the C-O stretch in phenols (Singh et al. ) . Otherwise, those bands could be an indication of the stretch of carboxylic acids or fiber carbonaceous that are present in the structure of rice straw, which is composed of lignin and cellulose. Whereas bands observed at 2,900 cm À1 are an indication of C-H stretch in alkane groups (Soetaredjo et al. ) . Those groups probably act as proton donors which, once they get deprotonated, the hydroxyl group or the carbonyl group adsorbs the heavy metal ions (Singh et al. ) .
As illustrated in Figure 6(a) , the peak representing the O-H bond was shifted from 3,435 cm À1 to 3,434 cm À1 , which is an insignificant change. Whereas, the peak of the C ¼ O bond was displaced from 1,626.5 cm À1 to 1,636.0 cm À1 , and the peak of the C-O bond was significantly shifted from 1,066.8 cm À1 to 1,107.8 cm À1 . Those displacements are an indication that surface complexation between Pb 2þ ions and carboxylic acid functional groups is one of the mechanisms partially responsible for the biosorption of Pb 2þ by rice straw. A similar conclusion was reported by other researchers in the removal of heavy metals by agricultural wastes (Wong et al. a; Gurgel et al. ; Soetaredjo et al. ) . Figure 6(b) shows the FTIR spectrum of rice straw with particle size <75 μm, before biosorption of Pb 2þ . As shown in Figure 6 (a) and 6(b) the C ¼ O stretch was shifted from 1,626.5 cm À1 to 1,638.4 cm À1 and the C-O stretch was shifted from 1,383.6 cm À1 to 1,426.4 cm À1 , for particle sizes 75-150 μm and <75 μm, respectively. Hence, confirming the impact of the particle size on the strength of the chemical bonds representing the carboxylic functional groups.
Scanning electron microscope and energy dispersive X-ray
The SEM micrographs revealed that rice straw had an irregular and rough surface. Moreover, rice straw appeared to be a nonporous material. In order to decide whether ion exchange is one of the predominant mechanisms of Pb 2þ sorption by rice straw, the composition of inorganic elements, such as Na, Ca and Mg was analyzed by EDX in fresh rice straw. Since rice straw is a non-homogenous material, EDX was applied to several samples and some variations in the composition of the minerals were observed as follows: Na (0.36-0.66%), Ca (0.34-1.13%), and Mg (0.00-0.18%). Post sorption, Pb 2þ appeared in the EDX spectrum of rice straw, proving that biosorption of Pb 2þ on the surface of rice straw had taken place. EDX analysis was also carried out for Pb 2þ loaded rice straw samples. The percent by weight of the minerals were reduced to 0.00-0.51%, 0.18-0.50% and 0.0% for Na, Ca and Mg, respectively. The reduction in the percent by weight of Ca, Mg and Na in rice straw post sorption implied that ion exchange was probably one of the mechanisms responsible for the removal of Pb 2þ by rice straw. Some researchers concluded that biosorption of Pb 2þ by agricultural wastes is mostly due to an ion exchange process (Singh et al. ) .
Mechanisms of removal
Removal of Pb 2þ ions using rice straw is attributed to several mechanisms, as follows:
• Surface complexation of Pb 2þ with the functional groups on the surface of the rice straw, mainly carboxylic acid functional groups, as demonstrated from the FTIR analysis (Figure 6(a) ). The charge of the functional groups and surface complexation are greatly affected by the pH of the solution.
• Ion exchange of Pb 2þ with the minerals in rice straw (Ca 2þ , Mg 2þ , and Na 2þ ), as illustrated by the EDX results.
• Electrostatic forces of attraction that are created between the negatively charged surface of the rice straw and the Pb 2þ cations. The surface charge of the rice straw was mainly affected by the pH value; at high levels of pH (range 3.5-5.5) the functional groups are deprotonated and dissociate into anions.
• Precipitation had a small contribution to the removal of Pb 2þ . Insoluble species of Pb 2þ are formed mainly at a pH >6 (Figure 1) ; however, a very slight amount of precipitation can occur at lower pH values, as demonstrated in the control samples in Figures 1, 2 and 4 . Figure 6 | FTIR spectra of rice straw (a) pre-versus post-biosorption of Pb 2þ (particle size: 75-150 μm, C0: 60 mg/l), (b) pre-biosorption of Pb 2þ (particle size <75 μm).
